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Floquet analysis of modulated magnetoconvection in Rayleigh-Bénard geometry is performed. The temperature of
the lower plate is varied sinusoidally in time about a finite mean. As the Rayleigh number Ra is made to cross a
critical value Rao, the oscillatory magnetoconvection begins. The flow at the onset of magnetoconvection may oscillate
either subharmonically or harmonically with the external modulation. The critical Rayleigh number Rao varies non-
monotonically with ω for appreciable value of a. The temperature modulation may either postpone or prepone the
appearance of magnetoconvection. The magnetoconvective flow always oscillates harmonically at larger values of ω .
The threshold Rao and the corresponding wave number ko approach to their values for the stationary magnetoconvection
in the absence of modulation (a = 0), as ω → ∞. Two different zones of harmonic instability merge to form a single
instability zone with two local minima for higher values of Chandrasekhar’s number Q, which is qualitatively new. We
have also observed a new type of bicritical point, which involves two different sets of harmonic oscillations. The effects
of variation of Q and Pr on the threshold Rao and critical wave number ko are also investigated.
I. INTRODUCTION
Parametrically driven waves were first investigated by Fara-
day1. He studied the generation of standing surface waves in a
liquid resting on a horizontal plate vibrating vertically. These
waves, also known as Faraday waves2,3, oscillate subharmon-
ically with respect to the imposed vibration. The parametri-
cally forced surface waves, which oscillate harmonically (syn-
chronously) with the external vibration, was also predicted in
a thin sheet of a viscous liquid4 and observed in experiments5.
A bicritical point said to occur, when the harmonic and sub-
harmonic waves are simultaneously generated4,6. Faraday ex-
periments show interesting fluid patterns6–13. Generation of
bulk waves due to oscillatory flow under modulation was first
observed in a Couette-Taylor flow14,15, when the rotation rate
of the inner cylinder was subjected to a time-periodic mod-
ulation. Such flows were investigated in a Rayleigh-Bénard
system16 under time-periodic modulation of (i) the tempera-
ture difference between two plates 17–28, (ii) the acceleration
due to gravity29–31, and (iii) the external magnetic field32.The
excitation of harmonic subharmonic oscillations of fluid flow
in a modulated magnetoconvection is not investigated in fluids
of low Prandtl number, although the role of a constant mag-
netic field on parametrically forced surface waves in a metallic
liquid was studied33.
Results of Floquet analysis of modulated magnetoconvec-
tion34,35 in the Rayleigh-Bénard geometry are presented. A
sinusoidally varying temperature is imposed on the lower
plate. The instability of the stationary conduction state is
investigated against the periodic perturbations in fluids of
low Prandtl number (Pr ≤ 0.1). The time-periodic modula-
tion forces the oscillatory magneto-convective flow at the in-
stability onset if Ra is made to cross a critical value Rao.
The magneto-convective flow oscillates either subharmoni-
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cally or harmonically with respect to the driving. For rela-
tively lower values of the modulation frequency ω , the thresh-
old Rao for excitation of oscillatory magnetoconvection varies
in non-monotonic fashion and the critical wave number ko
shows jumps. The parametrically forced magnetoconvection
at the onset always oscillates harmonically (synchronously)
with the temperature modulation at sufficiently higher values
ofω . The threshold for synchronous magnetoconvection, Rao,
monotonically decreases and settles at a value equal to the
threshold for stationary Rayleigh-Bénard magnetoconvection,
Rac(Q), as ω → ∞. The variation of Rao(Q) with Q is also
non-monotonic, if the amplitude a of modulation is apprecia-
ble. There is a new possibility at higher values of Q: Instabil-
ity zones in the Ra-k plane for excitation of harmonically os-
cillating waves located on the two sides of an instability zone
for excitation of subharmonic waves may collapse together to
form a single instability zone. This leads to a qualitatively new
type of bi-critical point, where harmonically oscillating mag-
netoconvective flows of two different wave numbers may be
excited simultaneously. Besides, bi-critical points with simul-
taneous excitation of subharmonically and harmonically os-
cillating magnetoconvective flows at the instability onset are
also possible.
II. HYDROMAGNETIC SYSTEM
An electrically conducting incompressible viscous fluid of
thickness d, volume expansion coefficient α and magnetic
permeability µ is enclosed between two horizontal plates. The
viscous, thermal and magnetic diffusion coefficients of the
fluid are ν , κ and η , respectively. Dimensionless parame-
ters Pr = νκ and Pm =
ν
η are called the thermal and the mag-
netic Prandtl numbers of the fluid, respectively. The hori-
zontal plates are located at z = − d2 and z = + d2 in the co-
ordinate system chosen. The temperature of the lower plate,
Tl is varying sinusoidally with time, i.e., Tl ≡ T (z = − d2 ) =
T1 + a˜cos ω˜ t˜. The upper plate is maintained at a temperature
Tu ≡ T (z=+ d2 ) = T2 < T1. This imposes an adverse tempera-
ture gradient β = (T1−T2)/d = ∆T/d between the two plates
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2for a˜ = 0. A spatially uniform and temporally constant mag-
netic field B0 = B0zˆ is also applied across the fluid. Figure 1
depicts the system schematically.
FIG. 1. (Colour online) Diagrammatic representation of the hydro-
magnetic system.
The fluid is at rest in the basic sate. The fluid temperature
Tcond(z, t) in the basic state of stationary magnetoconduction
is given as:
Tcond(z, t) = Tm−β z−ℜ
{ sinh q˜d( zd − 12 )
sinh q˜d
a˜eiω˜t
}
, (1)
where Tm = (T1+T2)/2 is the average fluid temperature in the
basic state of magnetoconduction. The symbol ℜ{ } stands
the real part of its argument, and q˜2 = iω˜/κ . The fluid density
ρcond(z, t) and fluid pressure Pcond(z, t) in the basic state are:
ρcond(z, t) = ρm
[
1+αβ z+ℜ
{ sinh q˜d( zd − 12 )
sinhqd
α a˜eiω˜t
}]
,(2)
Pcond(z, t) = P0+ρmgd
[1
2
− z
d
+
αβd
2
(1
4
− z
2
d2
)
+ℜ
{(1− cosh q˜d( 12 − zd )
sinh q˜d
)α a˜
q˜d
eiω˜t
}]
− B
2
0
2µ
,(3)
where ρm is a reference density defined at the temperature Tm,
and P0 is a constant pressure at the upper plate. In the limit
ω → 0, the temperature, density and the pressure fields in the
magnetoconductive state are given as:
Tcond(z,ω → 0) = Tm−β z− a˜( zd −
1
2
), (4)
ρcond(z,ω → 0) = ρm
[
1+αβ z+α a˜(
z
d
− 1
2
)
]
, (5)
Pcond(z,ω → 0) = P0+ρmgd
[1
2
− z
d
+
αβd
2
(1
4
− z
2
d2
)
− α a˜
2
(1
2
− z
d
)2)]
− B
2
0
2µ
(6)
As the temperature gradient β becomes greater than a thresh-
old value for given set of values for a˜, ω˜ , Pr andB0, the mag-
netoconvection sets in. The velocity field becomes non-zero
(u˜ 6= 0) and all other fields are perturbed.
Tcond(z, t)→ T (r, t) = Tcond(z, t)+ θ˜(r, t), (7)
ρcond(z, t)→ ρ(r, t) = ρcond(z, t)+ρmαθ˜ , (8)
Pcond(z, t)→ P(r, t) = Pcond(z, t)+ p˜(r, t), (9)
B0→B(r, t) =B0+ b˜(r, t), (10)
where r= xxˆ+ yyˆ+ zzˆ. The fluid height d is a natural length
scale of the problem. The viscous diffusion time d2/ν is cho-
sen as the time scale. The choice of these two scales sets a
scale for fluid velocity, which is the viscous diffusion speed
ν/d. Similarly, the quantities Prβd and PmB0 are chosen as
typical scales for the temperature perturbation and the induced
magnetic field, respectively. As the magnetic Prandtl number
is of the order 10−5 or less for a earthly fluid, we set Pm = 0
in the relevant equations of magnetoconvection. The linear
version of the full dimensionless hydrodynamic equations de-
scribing the magnetoconvection, in the Oberbeck-Boussinesq
approximation36,37 are then given as:
Pr∂tθ = ∇ 2θ +u3
[
1+ℜ
{coshq( 12 − z)
sinhq
qaeiωt
}]
, (11)
∂tu=−∇(p+Qb3)+Q∂zb+∇2u+Raθz, (12)
∇2b=−∂zu, (13)
∇·u=∇·b= 0. (14)
In the above, Ra = αgβd4/(νκ) is known as the Rayleigh
number and Q = B20d
2/(µρmνη) is called the Chan-
drasekhar’s number. They are two dimensionless parame-
ters, which control the dynamics of magnetoconvection. The
dimensionless amplitude and frequency of the time-periodic
temperature modulation are defined as a = a˜/(βd) and ω =
ω˜d2/ν , respectively. Besides, q= q˜d is also a dimensionless
parameter. Operating by curl (∇ ×) twice on Eq. 12, using
Eqs. 13, 14 and then projecting the resulting equation on the
vertical axis, we arrive at
[∇2(∂t −∇2)+Q∂zz]u3 = Ra∇2Hθ . (15)
The horizontal plates are considered to be rigid, thermally
and electrically conducting. So the velocity field must vanish
on the plates. In addition, the temperature fluctuations in the
fluid must vanish at the horizontal plates. As the induced mag-
netic field cannot cross the electrically conducting horizontal
plates, b3 = 0. The boundary conditions for the horizontal
velocities may also be converted to an additional boundary
condition on the vertical velocity using the equation of con-
tinuity (14). The boundary conditions are then summarised
as:
θ = u3 = ∂zu3 = 0 at z=±12 (16)
Eqs. 11 and 15 and the boundary conditions 16 constitute the
linear stability problem for the modulated Rayleigh-Bénard
magnetoconvection in terms of the field variables θ and u3.
III. FLOQUET ANALYSIS
The growth of perturbations just above the onset of magne-
toconvection is governed by the hydomagnetic system defined
by Eqs. 11, 15 & 16. As the temperature of the lower plate
varies periodically in time, the Floquet technique3,4, adopted
for a set of partial differential equations, is an appropriate
method to investigate the stability of the stationary state of
3magneto-conduction. However, more complex solutions25,26,
which are often observed in a nonlinear system are beyond
the scope of this work. As Ra is made to cross a thresh-
old Rao(Q,Pr,a,ω), the oscillatory magnetoconvection sets
in. All the perturbative fields are expanded as:[
u3
θ
]
=
N
∑
n=1
L
∑
l=−L
[
wnlψn(z)
θnl sinnpi(z+ 12 )
]
ei(k·x)e[s+i(l+γ)ω]t , (17)
where ψn(z) is an element of orthogonal set of Chan-
drasekhar’s functions16, which are defined as:
ψn(z) =
cosh(λnz)
cosh(λn/2)
− cos(λnz)
cos(λn/2)
for odd n, and (18)
ψn(z) =
sinh(λnz)
sinh(λn/2)
− sin(λnz)
sin(λn/2)
for even n, (19)
where λn is the nth root of the transcendental equation given
by,
tanh(λn/2)+(−1)(n+1) tan(λn/2) = 0. (20)
For odd and even values of n, even and odd Chandrasekhar’s
functions are chosen. As the Chandrasekhar’s functions and
their first derivatives vanish at z = ±1/2, the expansions for
velocity fields on the vertical coordinate z are consistent with
the boundary conditions. In eq. 17, k = kxxˆ + kyyˆ is the
wave vector in the horizontal plane and x = xxˆ + yyˆ. Here,
k =
√
k2x + k2y is the two-dimensional wave-number of pertur-
bations. The complex number s+ iγω is the Floquet expo-
nent. Real part s of the Floquet exponent decides the tem-
poral growth rate of all perturbative fields. The condition
of marginal (neutral) stability is determined by setting s = 0.
Here, the number γ can be either equal to 1/2 or 1. The fluid
flow with γ = 1/2 is called subharmonic magnetoconvection,
while those with γ = 0 is known as harmonic magnetoconvec-
tion. Here 1≤ n≤ N and −L≤ l ≤+L, where the integers N
and L are, in principle, infinitely large. The reality condition
of the perturbative fields require that
wn,−l = w∗n,+l , and θn,−l = θ
∗
n,+l for γ = 0, (21)
wn,−(l+1) = w∗n,+l , and θn,−(l+1) = θ
∗
n,+l for γ = 1/2.
(22)
In numerics, the values of N and L are chosen such that the
eigenvalues have an error less than a preassigned value, which
is chosen to be less than 10−4. Insertion of above expansions
for the perturbative fields in Eqs. 11 and 15 leads to the fol-
lowing difference equation:
G(l)ξ(l)+RaHξ(l) = aM [ξ(l−1)+ξ(l+1)], (23)
where for each value of the integer l, ξ(l) is a column vector
with 2N elements. The square matrixG(l) is of the size 2N×
2N with elements denoted by Gnn′ . Similarly, Hnn′ and Mnn′
are the elements of square matrices H and M , respectively.
The size of both the matrices H and M is 2N × 2N. The
column vector ξ(l) and square matrices G(l), H and M are
given as:
ξ(l) = [w1(l),w2(l), ...,wN(l);θ1(l),θ2(l), ...,θN(l)]T , (24)
G(l) =
[
A(l) O
C B(l)
]
, H =
[
O D
O O
]
, M =
[
O O
E O
]
,
(25)
where A(l), B(l), C, D and E are square matrices of size
N×N for each value of the integer l with their components
defined as Ann′(l), Bnn′(l), Cnn′ , Dnn′ and Enn′ , respectively.
These matrices are given as:
Ann′(l) =
[
− k2{s+ i(l+ γ)ω}− k4
]
δnn′ −
∫ 1
2
− 12
ψn(z)∂zzzzψn′(z)dz
+
[
Q+2k2+ s+ i(l+ γ)ω
]∫ 1
2
− 12
ψn(z)∂zzψn′(z)dz, (26)
Bnn′(l) =
[
Pr{s+ i(l+ γ)ω}+ k2+n2pi2
]
δnn′ , (27)
Cnn′ =−2δnn′ , (28)
Dnn′ =
k2
2
δnn′ , (29)
Enn′ =ℜ
[ qPr
sinhq
∫ 1
2
− 12
ψn(z)ψn′(z)cosh{q(1/2− z)}dz
]
, (30)
where δnn′ stands for Kronecker delta, andO represents a null
matrix of size N×N. As l varies from −L to +L, there are
2L+ 1 equations like the one given in Eq. 23 for harmonic
case (γ = 0) and 2L equations for subharmonic case (γ = 1/2).
All these difference equations may be put in the form of a
generalised eigenvalue equation, which is given as:
UX =
1
Ra
V X. (31)
For harmonic solution (γ = 0), the column vector X =
[...ξ(−2)ξ(−1)ξ(0)ξ(1)ξ(2)...]T consists of 2L+ 1 smaller
column vectors ξ(l). In case of subharmonic solution,
X = [...ξ(−3)ξ(−2)ξ(−1)ξ(0)ξ(1)ξ(2)...]T consists of 2L
smaller column vectors ξ(l). In both the cases, ξ(l) has 2N
elements for each l. The matrix U is a block diagonal with
the square matrixH repeated 2L+1 times along the diagonal
for γ = 0 and 2L times for γ = 1/2. The square matrix V is a
banded matrix with only the first sub-diagonal, the diagonal,
and the first super-diagonal blocks non-zero. The diagonal
elements consist of matrices −G(l) for different values of l.
The sub-diagonal and super-diagonal elements consist of aM
repeated appropriate number of times. For harmonic case, the
banded matrix V has odd number of block matrices along its
diagonal and it is given as:
V =

.. ... ... ... ... ... ..
.. −G(−2) aM O˜ O˜ O˜ ..
.. aM −G(−1) aM O˜ O˜ ..
.. O˜ aM −G(0) aM O˜ ..
.. O˜ O˜ aM −G(1) aM ..
.. O˜ O˜ O˜ aM −G(2) ..
.. ... ... ... ... ... ..

.
(32)
4The banded matrix V has even number of block matrices
along its diagonal in case of subharmonic response and it is
is given by,
V =

.. ... ... ... ... ...
.. −G(−2) aM O˜ O˜ ..
.. aM −G(−1) aM O˜ ..
.. O˜ aM −G(0) aM ..
.. O˜ O˜ aM −G(1) ..
.. ... ... ... ... ..
 , (33)
where O˜ is a null matrix of size 2N×2N. Operating by V −1
from left on both sides of Eq. 31, it may be put in the form of
a standard eigenvalue problem, which is given as:
(
V −1U
)
X =
( 1
Ra
)
X. (34)
The threshold for the oscillatory magnetoconvection, Rao, and
the corresponding wave number, ko, are computed by setting
s= 0. The eigenvalues of matrix V −1U give the possible val-
ues of 1Ra with all other parameters kept fixed. The largest
eigenvalue of V −1U yields the lowest value of Ra for a set
of values for a, ω , Q, Pr and γ . The marginal stability curve
Ra(k) is plotted by varying k in small steps. The minimum
of this curve yields the threshold Rao(a,ω,γ,Q,Pr) and crit-
ical wave-number ko(a,ω,γ,Q,Pr) at the onset of oscillatory
magnetoconvection for preassigned values of a, ω , γ , Q and
Pr. By varying any one of the parameters ω , Q and Pr in small
steps, while keeping the other two at fixed values, we compute
dependence of Rao and ko on ω , Q and Pr separately for har-
monic as well as subharmonic oscillations.
IV. RESULTS AND DISCUSSIONS
Magnetoconvection at the primary instability is known to
be stationary16 for a = 0, if Pr > Pm. To validate the com-
putational technique used here, we compare critical values
Rac(Q) and kc(Q) computed for the stationary magnetocon-
vection with those obtained from Chandrasekhar’s linear the-
ory. We have chosen N = 10 and L = 40 for the purpose. Ta-
ble I shows a comparison of values determined by two meth-
ods. The maximum error in the value of Rac(Q) is 0.5%,
while that in determination of kc(Q) is less than 0.2%. This
method with sufficient terms in the expansion of perturbative
fields is therefore expected to yield very accurate results for
the critical values.
TABLE I. Comparison of the critical values, Rac(Q) and kc(Q), com-
puted by the method presented here with those evaluated from Chan-
drasekhar’s linear theory of stationary magnetoconvection.
Q Chandrasekhar’s results Our results for N = 10 % error in Rac(Q)
kc Rac(Q) kc Rac(Q)
0 3.13 1707.8 3.13 1708 0.01%
10 3.25 1945.9 3.25 1946 0.01%
50 3.68 2802.1 3.68 2802 0.01%
100 4.00 3757.4 4.00 3758 0.02%
200 4.45 5488.6 4.45 5493 0.08%
500 5.16 10110.0 5.16 10133 0.23%
1000 5.80 17103.0 5.81 17189 0.50%
  
FIG. 2. (Colour online) Instability zones for Pr = 0.1 and a = 3.
Curves in the upper row are for Q = 50 with (i) ω = 130 and (ii)
ω = 150. Curves in the lower row are for Q= 200 with (iii) ω = 130
and (iv) ω = 150. The region insider green (light grey) dots is the
zone of subharmonic (SH) instability and the region inside black dots
is the zone of harmonic (H) instability.
We now present the results of Floquet analysis for paramet-
rically excited magnetoconvection. We have chosen N = 10
and L = 40. Figure 2 shows the marginal stability curves for
molten iron or Earth’s liquid core (Pr = 0.1). The dimen-
sionless modulation amplitude a is set to 3.0. The upper left
viewgraph shows two instability zones for Q = 50 in the Ra-k
plane: one for subharmonic (SH) (γ = 1/2) and another for
harmonic (H) (γ = 0) magnetoconvection. They are the re-
gions inside green (grey) and black curves in the Ra-k plane,
respectively. If a point (Ra,k) in this plane lies inside the sub-
harmonic instability curve, the stationary conduction state be-
comes unstable to subharmonically oscillating magnetocon-
vection under temperature modulation. Similarly, a point ly-
ing in side the harmonic instability curve corresponds to the
excitation of oscillatory magnetoconvection synchronous with
the external modulation. All points outside the marginal sta-
bility curves correspond to a state of stationary magnetocon-
duction. Tongue shaped curves, therefore, separate the regions
of conduction state, where the growth rate of perturbations is
s < 0 from the regions of oscillatory instability, where s > 0
5in the Ra-k space. These curves are also known as neutral
(marginal) stability curves. Perturbative fields neither grow
nor decay for a set of values (Ra(k),k) on these curves, as
s= 0 on them. Fig. 2 (i) shows that the minimum of marginal
curve for subharmonically excited waves is lower than that for
harmonic waves for modulation frequency ω = 130. There-
fore, the parametrically excited flow for ω = 130 oscillates
subharmonically with the forcing at the primary instability.
The threshold value of Ra and the corresponding k value for
ω = 130 are RaSHo = 4717 and kSHo = 3.04, respectively. As
frequency is raised keeping a, Q and Pr fixed, the instability
zone for γ = 1/2 moves upward in the Ra-k plane, while the
instability zone for γ = 0 moves downward. The upward and
downward shifts of the different instability zones are different.
Fig. 2 (ii) shows the first two instability zones for ω = 150. In
this case, the fluid flow excited at the onset of magnetoconvec-
tion is harmonic. The threshold for generating harmonically
oscillating magnetoconvection at ω = 150 is RaHo = 5173, and
the excited wave number is kHo = 5.40.
The lower row of Fig. 2 displays stability zones for Q =
200, Pr= 0.1 and a= 3.0. For modulation frequencyω = 130,
the magneto-convective flow at the primary instability oscil-
lates subharmonically with respect to the imposed modula-
tion [see Fig. 2 (iii)]. The critical values of Ra and k are:
RaSHo = 7681 and k
SH
o = 3.36 respectively. As the frequency
is raised slightly above to ω = 150, harmonically oscillating
flow appears at the primary instability instead of subharmonic
flow [see Fig. 2 (iv)] with RaHo = 7858 and k
H
o = 6.05. The
jump in wave-number is significant as subharmonic magneto-
convective flow becomes harmonic. When the minima of two
marginal stability curves are found to occur for the same value
Ra in the Ra-k plane, a bi-critical point appears as soon as
Ra is raised above Rao. The fluid motion at the resulting bi-
critical point involves subharmonic as well as harmonic os-
cillations. This kind of bi-critical point was predicted in the
Faraday experiment with a thin layer of viscous fluids4. They
were also observed in experiments5,6.
The temperature, density and pressure become time inde-
pendent if either a→ 0 or ω → 0. The corresponding critical
values should correspond to those for the stationary magneto-
convection. For a→ 0, Rao(Q,Pr,a→ 0,ω)→Rac(Q). How-
ever, due to our choice of a cosine function for the tempera-
ture modulation of the lower plate, the imposed temperature
difference, in the limit ω → 0, is ∆Tm(ω → 0) = ∆T (1+ a)
instead of ∆T (for a = 0). The Rayleigh number now de-
pends on ∆Tm, which is larger than ∆T by a factor (1+ a)
in the limit ω → 0. Therefore, Rao(Q,Pr,a,ω → 0) ap-
proaches a fixed value Ras(Q), which would be less than the
critical Rayleigh number for the stationary magnetoconvec-
tion Rac(Q) by a factor (1+a). That is, Rao(Q,Pr,a,ω → 0)
→ Ras(Q) = Rac(Q)/(1+ a). If the modulation amplitude a
and frequency ω both approach to zero simultaneously, then
Rao(Q,Pr,a→ 0,ω→ 0) approaches to Rac(Q). For non-zero
but small values of ω , the value of Rao(Q,Pr,a,ω) is to be de-
termined numerically using the Floquet method. As shown
below, Rao(Q,Pr,a,ω) is found to vary non-monotonically
for smaller values of ω . Effects of modulation are confined
a thin boundary layers near the plates at higher modulation
FIG. 3. (Colour online) Variation of Rao(ω) with the external fre-
quency ω at very low values of ω for Q= 50. The left and right view
graphs are for Pr = 0.1 and Pr = 0.025, respectively. The magneto-
convective motion oscillates either harmonically (solid curves) or
subharmonically (dashed curves). Blue (black), red (grey) and light
green (light grey) curves are for the dimensionless modulation am-
plitude a equal to (i) 0.01, (ii) 0.05 and (iii) 0.1, respectively.
frequencies. The thickness of these layers vanish as ω → ∞.
Consequently, we expect Rao(Q,Pr,a,ω → ∞)→ Rac(Q) for
all values of Pr and a.
Figure 3 displays the variation of the critical Rayleigh num-
ber Rao(ω) at very smaller values of ω for Q = 50. The left
viewgraph is for Earth’s liquid core (Pr = 0.1) and the right
one for mercury (Pr= 0.025). The solid and dashed curves are
for harmonic (γ = 0) and subharmonic (γ = 1/2) oscillations
of the fluid flow. The value of Rao(Q= 50,a= 0.01,ω = 0.1)
is approximately 2800 for both the cases (see the blue (black)
curves). The oscillatory instability is harmonic in the fre-
quency window 0.1 ≤ ω ≤ 0.3 for a = 0.01. However, for
a= 0.05 (see the red (grey) curves) and a= 0.1 (green (light
grey) curves), the fluid motion at the instability onset shows
alternately harmonic and subharmonic oscillations. The crit-
ical Rayleigh number, Rao, for ω = 0.1 decreases as a is in-
creased for both the values of Pr. That is, Rao(Q = 50,a =
0.1,ω = 0.1) < Rao(Q = 50,a = 0.05,ω = 0.1) < Rao(Q =
50,a= 0.01,ω = 0.1). The value of Rao(Q,Pr,a,ω → 0) ap-
proaches to a value Ras(Q) = Rac(Q)/(1+a), as ω → 0. For
very small values of ω ( 1), the elements En,n′ of the square
matrix E take 0/0 form as ω→ 0. This makes the elements of
the matrix V along the first sub-diagonal and super-diagonal
of nearly indeterminate (0/0) form, which lead to larger nu-
merical errors. The errors in computation of Rao at ω = 0.1
are within 1% for a ≤ 0.05, while the same for a = 0.1 is
slightly less than 3%. For relatively larger values of a (> 0.1)
and Q, the eigenvalues of the matrix V may be computed
quite accurately for dimensionless angular frequency ω > 1.
However, the method used here works well for the actual mod-
ulation frequency f˜ ≥ 10−2 Hz if the fluid thickness d ≥ 2
mm. For a thicker layer of a fluid of smaller Prandtl number
fluids, the threshold values may be computed accurately for
much smaller values of f˜ . We have presented here the data
for liquids with Pr = 0.1 and 0.025. For a layer of liquid of
Pr = 0.1 (kinematic viscosity, ν = 6× 10−7 m2/s at 2000 K)
of thickness d varying from 2 mm to 1 cm at actual driving
frequency of 1 Hz, the dimensionless angular frequency ω
varies approximately from 40 to 1050. Similarly in a layer of
mercury (Pr = 0.025, ν = 1.14× 10−7 m2/s at 303 K) with
2 mm ≤ d ≤ 1 cm at the driving frequency 1 Hz, ω varies
6FIG. 4. (Colour online) Variations of critical values Rao(ω) (left col-
umn) and ko(ω) (right column) with ω for a given set of Q and Pr.
The magnetoconvection is always harmonic (γ = 0) for smaller val-
ues of the modulation amplitude a. Blue (black), red (grey) and light
green (light grey) curves are for (i) a = 0.01, 0.1 and 0.4, respec-
tively.
approximately from 220 to 5500 approximately.
Variations of Rao and ko with the frequency ω are displayed
in Fig. 4 for smaller values of a and a given set of values of Q
and Pr. Curves showing the variation of Rao with ω are dis-
played in the left column, while those showing the variation of
ko with ω are displayed in the second column. Curves in the
first two rows are for Pr= 0.1. The dimensionless modulation
frequency (ω) is varied from 5 to 103. This corresponds to the
variation of actual frequency from 0.1 Hz to 24 Hz for a fluid
of thickness 2 mm. For a fluid of thickness of 1 cm, it cor-
responds to a variation of actual frequency from 0.005 Hz to
0.96 Hz. The onset of magnetoconvection is delayed at lower
values of modulation amplitude and frequency. However, the
behaviour here is different to one observed for smaller value
of Q and for very small values of ω (Fig 3). The threshold
Rao(Q,Pr,a,ω) increases as a becomes larger in the range
of dimensional frequencies considered here. The wavy flow
at the onset always oscillates synchronously for smaller val-
ues of a and ω for Q = 100. As a is raised to higher values,
the onset of magnetoconvection is further delayed. For higher
values of Q, the threshold Rao becomes higher. The threshold
for magnetoconvection Rao(Q,Pr) remain almost constant for
a reasonable large window of dimensionless frequencies. It
  
FIG. 5. (Colour online) Variations of Rao (left column) and ko (right
column) with ω are plotted for Pr = 0.1 and for several values of
a. Viewgraphs in different rows are for different values of Q. Solid
curves are for the harmonic flow (γ = 0) and dashed curves are for
the subharmonic flow (γ = 1/2). Curves of the same colour (or grey
level) correspond to the same value of amplitude of modulation, a.
finally approaches to its value for the stationary magnetocon-
vection Rac(Q), as ω → ∞. The critical wave-number also
displays a similar behaviour. The value of ko is larger than
its value for stationary convection kc and its value changes
very little in the frequency window. As ω is increased sig-
nificantly, its value starts decreasing and finally approaches to
kc, the critical wave-number for the stationary magnetocon-
vection. Curves shown in the last two rows of Figure 4 are
for mercury (Pr = 0.025, ν = 1.14×10−7m2/s). In this case
ω has been varied from 10 to 104. For a layer of mercury
of thickness 2 mm, it corresponds to a variation of f˜ approx-
imately from 0.05 Hz to 45 Hz. Similarly, for 1 cm thick
layer of mercury, this corresponds to a variation of f˜ approxi-
mately from 2×10−3 Hz to 2 Hz. The behaviour observed in
mercury, at smaller values of modulation amplitude and fre-
quency, is qualitatively similar.
Figure 5 displays the variations of Rao and ko with ω for for
Pr = 0.1 for different sets of values for a and Q. The plots are
shown for non-dimensional frequencies between 40 and 103.
As discussed above, for a fluid of Pr = 0.1 and thickness 2.0
mm ≤ d ≤ 1.0 cm, the actual frequency of temperature mod-
ulation would be in a range from 0.038 Hz to 1 Hz. Curves
displayed in the top and the bottom rows of Fig. 5 are for
7Q = 50 and 500, respectively. Similarly, the curves shown in
the second and third rows from the top are for Q = 100 and
200, respectively. The variation of Rao with ω is plotted in
the left column, and that of ko with ω is shown in the right
column. The dashed curves show the threshold for subhar-
monic (SH) oscillation of the magneto-convective flow, while
the solid curves show the threshold for harmonic (H) oscil-
lation of the magneto-convective flow. Curves of the same
colour (or the same grey level) are for the same value of a.
Each of the viewgraphs is for a different value of Q. Each of
them display four curves for different values of a. The mag-
netoconvection shows harmonic oscillations at the onset for
a ≤ 1.0 for all values of Q considered here. The threshold
RaHo for Q = 50 and a = 0.5 is 2885 at ω = 40 and its value
approaches to the threshold for stationary magnetoconvection
Rac(Q = 50) = 2802, as ω → ∞. As a is raised from 0.5
to 1.0, keeping all other parameters fixed, the magnetocon-
vection remains harmonic but RaHo becomes larger at smaller
values of ω [see the red (dark grey) curves in the left column].
So the small amplitude temperature modulation stabilises the
conduction state at lower frequencies for a ≤ 1.0. For rela-
tively larger values of the modulation amplitude, the nature
of magneto-convective flow depends on the modulation fre-
quency as well as the value of Q.
The magneto-convective flow oscillates subharmonically
for a = 3.0 and Q = 50, and the threshold RaSHo is much
higher at ω = 40 compared to threshold at smaller values of a
[see the green (grey) curve]. The first bi-critical point, where
RaHo = Ra
SH
o = 4490, appears at ω = 42. Two sets of waves
with different wave-numbers (kHo and k
SH
o ) are excited simul-
taneously for a = 3.0 and Q = 50 at this frequency. With
slight increase in ω , RaHo becomes lower than RaSHo . This
makes the excitation of harmonic magnetoconvection prefer-
able at the onset. The value of RaHo first decreases, reaches a
minimum and then increases, as ω is raised. The second bi-
critical point occurs at ω = 72 in this case. As the frequency is
raised slightly above this value, the threshold for excitation of
subharmonic oscillation RaSHo becomes lower than Ra
H
o . The
new threshold RaSHo also decreases first, reaches a minimum,
and then increases, as ω is raised. The third bi-critical point
appears at ω = 142. Further increase in ω makes the mini-
mum of another harmonic instability zone lower than RaSHo .
At higher values of ω , the magneto-convective flow is syn-
chronous with the modulation at the instability onset. For
a = 5.0, the qualitative behaviour is quite similar. However,
the flow is harmonic at the onset for ω = 40. This values of
threshold Rao is smaller for a = 5.0 than those for a = 3.0
for ω < 200. At higher frequencies (ω  200), the threshold
for all cases approach their values for stationary magnetocon-
vection. At any given frequency (ω > 200), the threshold is
higher for larger values of a, if Pr and Q are kept fixed.
The variation of ko with the dimensionless frequency ω is
displayed in the right column for different values of Q. All
curves in the top right view-graph are for Q = 50 and for
different values of a. For a = 0.5, the variation of critical
wave-number for harmonic waves, kHo , is insignificant (the
black curve) as is the case for for the variation of RaHo (top
left view-graph). For a= 1.0, the variation of kHo is visible at
lower frequencies [see the red (dark grey) curve]. However,
for a = 3.0, both harmonic and subharmonic oscillations of
magneto-convective flow are possible for different frequency
windows. The fluid motion is subharmonic at ω = 40 and the
critical wave-number kSHo increases initially. When the thresh-
old for excitation of harmonic waves becomes lower than that
for subharmonic waves, the wave-number corresponding to
the minimum of marginal curve for harmonic instability is se-
lected. This leads to a jump in the wave-number to a lower
value [see the green (grey) curve]. The selected wave-number
kHo now slowly increases with ω . Another bicritical point be-
comes possible when RaSHo becomes equal to Ra
H
o . With even
slight increase in ω further, subharmonically oscillating fluid
flow is again expected to be appear at the instability onset. At
a relatively higher value ofω , the fluid flow oscillates harmon-
ically with the external modulation. The wave-number always
shows a jump at a bicritical point. The arrows are drawn at
the locations of bicritical points and their directions indicate
an increase or a decrease of the wave-number ko. For a= 5.0,
the variation of ko with ω shows the similar behaviour but
the number of bi-critical points and their locations on the fre-
quency axis are different.
Viewgraphs in the second, third and fourth rows from the
top in Fig. 5 are for Q= 100, 200 and 500, respectively. There
exists low frequency windows at relatively higher values Q,
where the magneto-conductive state can either be stabilised
or destabilised by modulating the temperature of the lower
plate about a mean value. There is an interesting observation
at low modulation frequency for Q = 500. For Q = 500 (see
the bottom row of Fig. 5), both harmonically and subharmon-
ically waves may be excited at lower frequencies for Rayleigh
numbers, which are considerably lower than the threshold
Rac(Q) for the stationary magnetoconvection in the absence
of temperature modulation. The subharmonic manteoconvec-
tion may be excited at RaSHo = 9568 and harmonic magneto-
convection may be excited at RaHo = 9781. Both these val-
ues are much smaller than the threshold for stationary con-
vection (Rac = 10133) in absence of temperature modulation.
The accurate prediction of possible stabilisation or destabili-
sation of the conduction state of modulated Rayleigh-Bénard
magnetoconvection is tricky at lower values of the modulation
frequency. At higher frequencies, only the harmonic flow is
excited. The threshold RaHo is higher for larger modulation
amplitude. As ω → ∞, both RaHo and kHo approach the appro-
priate values for stationary magnetoconduction.
Effects of the variation of Chandrasekhar’s number Q on
the threshold for magneto-convection and the critical wave-
number are displayed in Figure 6 for Pr = 0.1. The variation
of Rao with Q is shown in the left column, while that of ko
with Q is displayed in the right column. Curves in the upper
row are for modulation frequency ω = 150 and those in the
lower row are for ω = 250 for four different values of a. For
ω = 150 and lower values of modulation amplitude (a≤ 1.0),
the harmonic magnetoconvection is excited at the instability
onset. The threshold RaHo (Q) increases monotonically with Q,
as shown by black and red (dark grey) curves (the upper left
viewgraph). The variation of Rao with Q shows interesting
behaviour for larger values of a. For a= 3.0 and ω = 150, the
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FIG. 6. (Colour online) Variations of Rao and ko with Q for Pr= 0.1.
The upper row displays the computed curves for ω = 150, while the
lower row show the curves for ω = 250. The black, red (dark grey),
green (grey) and golden (light grey) coloured curves correspond to
modulation amplitude a = 0.1, 1.0, 3.0 and 5.0, respectively. The
solid curves are for harmonic (H) response and dashed curves are for
subharmonic (SH) response.
magnetoconvection appears as harmonic waves for lower val-
ues of Q. Curves showing the variation of Rao with Q show
either concavity or convexity. Solid green (grey) portion of
the curve, which shows the variation of RaHo with Q, is con-
vex. As Q is raised above a critical value (here, Q = 118),
the magnetoconvection becomes subharmonic at the primary
instability. Dashed green (grey) portion of the curve, which
shows the variation of RaSHo with Q, becomes concave. Again
at Q = 147, the magneto-convective flow at the instability on-
set is harmonic. For Q > 148, RaHo increases with Q as almost
linearly till Q= 500. For Pr= 0.1, a= 3.0 and ω = 150, there
are two bi-critical points. The first one at Q= 118, where RaHo
= RaSHo = 6509. The second bi-critical point is observed at
Q = 147, where RaHo = Ra
SH
o = 7002.
On the other hand, the magnetoconvection appears as sub-
harmonically oscillating flow for a = 5.0, ω = 150 and Q <
155.6 at the onset. There appears a bi-critical point for Q =
155.6, where RaSHo = Ra
H
o = 6417. For 155.6 < Q < 500,
the harmonically oscillating flow is observed at the instability
onset. Variations of both RaSHo [shown by the dashed golden
(light grey) curve] and RaHo [shown by the solid golden (light
grey) curve] with Q are concave in this case. There is another
bi-critical point at Q = 461, where two synchronous waves
have the same threshold (RaH1o = Ra
H2
o = 1.121× 104). Be-
sides, the value of threshold for a = 5.0 is lower than that
for a = 3.0 with all other parameters held fixed. This is pos-
sible as the minimum of different instability zones become
the lowest as different control parameters are varied. They
move upward or downward in the Ra-k plane differently. It
is hard to predict which one would be the lowest at relatively
smaller modulation frequencies without performing Floquet
analysis. Four curves in the right column of the first row show
the variation of ko with Q. For smaller values of the mod-
ulation amplitude (a ≤ 1.0), kHo (Q) increases monotonically
with Q. However, the curve showing variation of ko with Q
shows two jumps at two bi-critical points for a= 3.0 and two
jumps for a= 5.0, one of which shows a transition from sub-
harmonically oscillating flow to harmonically oscillating flow
and the other shows a transition from one set of harmonic flow
to another set of harmonic flow.
For Pr= 0.1, ω = 250 and Q≤ 500, the magnetoconvection
always appears as harmonically oscillating flow for a < 3.0
(the viewgraph at bottom left). However for a= 5.0, the fluid
flow at primary instability may be subharmonic in a window
of Q (20 < Q < 104). The RaHo -Q curve is convex, while the
RaSHo -Q curve is concave. For higher value of Q, the excited
wavy flow oscillates harmonically. However the threshold for
a= 5.0 is lower than that for a= 3.0. Four curves in the lower
right viewgraphs describe the variation of ko with Q. There
are no bi-critical points for a ≤ 3.0 but two bi-critical points
appear for a= 5.0.
  
FIG. 7. (Colour online) Two different types of bicritical points for
Pr = 0.1, a= 5.0 and ω = 150. The left viewgraph displays a bicrit-
ical point showing the simultaneous excitation of subharmonic and
harmonic fluid flows at the instability onset for Q = 155.59. The
right viewgraph shows a bicritical point for Q = 461, where two sets
of harmonically oscillating waves of different wave-numbers are si-
multaneously possible. The regions inside black curves are instabil-
ity zones for harmonic magnetoconvection, while the region inside
green (light grey) curve is instability zone for subharmonic magne-
toconvection.
Figure 7 displays two types of bi-critical points for Pr= 0.1,
a = 5.0 and ω = 150. For Q = 155.59, a bi-critical point
is observed at Rao = 6417. This involves one set of subhar-
monic waves of wave-number kSHo = 2.58 and another set of
harmonic waves of wave-number kHo = 4.98. As Q is raised to
relatively higher value, both subharmonic and harmonic insta-
bility zones move to higher values of Ra and k and a new har-
monic zone appears for smaller values of k. As Q is raised fur-
ther, all these tongues move upward in the Ra-k plane. How-
ever, the tongue-like region for subharmonic instability moves
upward faster than tongue-like regions for harmonic instabil-
ity. As a consequence, there is possibility of two different har-
monic instability zones with their minima at the same value of
Ra. The right viewgraph of Fig. 7 shows such a situation for
Q = 461.0. Two sets of harmonically oscillating waves with
wave-numbers kH1o = 3.87 and k
H2
o = 7.22 are simultaneously
excited at Rao = 1.121×104. This kind of bi-critical point is
new and not reported earlier.
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FIG. 8. (Colour online) Instability zones for Pr = 0.1, Q = 500 and
a= 5 with different values of ω . The regions inside black curves are
instability zones for harmonic magnetoconvection and the regions
inside green (light grey) curves are instability zones for subharmonic
magnetoconvection.
Effects of the modulation frequency ω on the instability
zones for Pr = 0.1 and Q = 500 are shown in Fig. 8. The first
two lowest tongues are shown for ω = 135 (see, the top left
viewgraph). The magnetoconvection appears as subharmon-
ically oscillating waves with a wave-number kSHo = 5.01 for
the modulation frequency ω = 135. At slightly higher value
of the modulation frequency, i.e., at ω = 146 (the top right
viewgraph), the instability zone for harmonically oscillating
waves become the lowest. The magnetoconvection at the in-
stability onset is then synchronous with the external modula-
tion. The critical wave-number kHo = 7.5 becomes higher than
its value, kSHo = 4.9, at ω = 135. The significant change in
the wavelength of the waves would be immediately noticeable
at the transition point. In addition, a new harmonic instabil-
ity zone appears at lower values of k, which was not existing
at ω = 135. The instability region for subharmonically oscil-
lating flow is surrounded from two sides by instability zones
for harmonically oscillating flows in the Ra-k plane. An in-
teresting phenomenon occurs, as ω is raised further. Both the
regions for harmonic instability move downward in the Ra-k
plane. The newly created instability zone moves faster than
the older zone for harmonic instability. The region for subhar-
monic instability moves upward, as ω is raised. As a result,
the first two lowest marginal curves correspond to excitation
of harmonic oscillation of the magneto-convective flow.
We observed interesting behaviour, as ω is raised further.
The subharmonic instability zone, which is sandwiched be-
tween two harmonic instability zones in the Ra− k plane,
moves further up, while the harmonic instability zones widens
(see the viewgraph forω = 163). A slight increase inω makes
two marginal curves for harmonic instability merge to form a
single marginal curve with two local minima. The merger of
two harmonic zones at ω = 164 is displayed Fig. 8 (see the
the left viewgraph in the third row). The region between the
upper boundary of the marginal curve for harmonic instability
and the lower boundary of the marginal curve for subharmonic
instability corresponds to stable conduction state, where the
growth rate of all perturbative fields is negative (s< 0). Rais-
ing ω to higher values pushes the subharmonic zone further
up. This makes the possibility of observing subharmonically
oscillating fluid flow at the onset of magnetoconvection im-
possible. The marginal curve for harmonic instability attains
one global minimum for ω ≥ 185. The temperature modula-
tion leads to the possibility of only harmonically oscillating
magneto-convective waves at higher values of Q even at mod-
erate value of ω .
  
FIG. 9. (Colour online) Variations of Rao(ω) and ko(ω) with the
modulation frequency are shown for liquid mercury (Pr = 0.025) for
Q = 100. The left viewgraph shows the variation of Rao with ω ,
while the right viewgraph displays the variation of ko with ω . The
black, green (grey) and golden yellow (light grey) curves correspond
to a= 0.5 a= 3.0 and a= 5.0, respectively. Solid and dashed curves
stand for harmonic and subharmonic oscillations, respectively.
Figure 9 displays the variations of critical values of Rao and
ko (the right viewgraph) with modulation frequency ω in liq-
uid mercury (Pr= 0.025) for Q= 100. The black, green (grey)
and golden (light grey) coloured curves are for the modula-
tion amplitude a = 0.5, a = 3.0 and 5.0, respectively. Fluid
flow at the instability onset always oscillates harmonically for
a ≤ 3.0. However the critical value of Rao shows a maxi-
mum at ω = 138. There is almost no variation in the critical
values of Rao and ko with ω for much lower values of modula-
tion amplitude (e.g., a = 0.5). The green (grey) curve, which
shows the variation of RaHo with ω , is slightly convex. This is
so as the instability zone for harmonically oscillating waves in
the Ra−k first moves upwards and towards higher values of k
and then starts coming downward slowly and leftwards, as ω
is raised continuously. The variation of critical wave-number
kHo confirms this behaviour. Black and green (grey) curves in
the upper viewgraph on the right column show the variation
of ko with the modulation frequency ω for a = 0.5 and 3.0,
respectively.
For larger values of a, the behaviour is completely different
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FIG. 10. (Colour online) Effects of variation of the Prandtl number
Pr on critical values Rao(Pr) and ko(Pr) are displayed. Viewgraphs
in different rows are for different values of Q. The curves are for
ω = 150 and two different values of a: (i) a = 3.0 [curves in green
(grey) colour] and (ii) a = 5.0 [curves in golden yellow (light grey)
colour]. The solid and dashed curves are for harmonic and subhar-
monic oscillations, respectively.
(see the curve for a = 5.0 in the left viewgraph). The excited
flow at the onset of magnetoconvection oscillate harmonically
for lower values of ω (≤ 260), as shown by the solid golden
(light grey) curve. The oscillation of fluid flow becomes sub-
harmonic for moderate values of value of ω (260≤ω ≤ 588),
as shown by the dashed golden (light grey) curve. Again for
ω > 588, the magnetoconvection excited at the onset always
leads to harmonically oscillating flow, if other parameters are
kept fixed. At bi-critical points observed at ω = 260 and 588,
the fluid flow shows harmonic as well as subharmonic oscil-
lations at the primary instability. The variation of the wave-
number with ω is displayed for this case (a= 5.0) in the lower
viewgraph in the right column. The curve shows jumps in the
wave-number at the bi-critical points. The variation of Rao
and ko depend on Pr, if all other parameters are held at fixed
values.
The role of Prandtl number Pr on the threshold Rao and
the critical wave number ko is also investigated. Figure 10
displays the variations of Rao and ko with Pr for modulation
frequency ω = 150. The variation of Rao with Pr is plotted
in the left column for different values of Q. The same for
ko is plotted in the right column. A range of Prandtl num-
ber (0 < Pr ≤ 0.1) is considered. Only the harmonically os-
cillating flow is possible at the instability onset in absence of
any external magnetic field (Q= 0) and modulation amplitude
a= 3.0, as shown by green (grey) solid curve in the upper left
viewgraph, for the whole range of Pr considered. The thresh-
old RaHo and the corresponding wave number k
H
o both increase
monotonically with Pr, as shown by the green (grey) solid
curves in the upper row. However, both the harmonically and
sub-harmonically oscillating waves are likely to be excited for
a= 5.0. The harmonic oscillation of fluid flow is observed at
the onset of magnetoconvection for Pr< 0.034, while the sub-
harmonic oscillation of the flow is expected at the onset for
Pr > 0.034. A jump in the selected wave number is observed,
if Pr is raised above 0.034. There is a bi-critical point at
Pr= 0.0346, where RaHo =Ra
SH
o = 4430. For 0.05< Pr< 0.1,
the threshold for excitation of waves with a = 3.0 is larger
that for a = 5.0. Curves in the middle row are for Q = 100
and ω = 150. New bicritical points appear at Pr = 0.038 for
a = 3.0 and at Pr = 0.071 for a = 5.0. The corresponding
jumps in ko at a bi-critical point is shown in the viewgraphs
at middle right. For a range of Pr (0.005 < Pr < 0.027) the
threshold to excite magnetoconvection is lower for a = 3.0.
For Pr < 0.005 and Pr > 0.027, however, the threshold for
excitation of waves is lower for a = 5.0. As Q is raised
further, the more number of bi-critical points becomes pos-
sible. Curves in the lower row are for Q = 200 and ω = 150.
There are two bi-critical points for a= 3.0 and a= 5.0 in this
case. The first one occurs for a = 3.0 at Pr = 0.06, where
RaHo =Ra
SH
o = 9247. The second one occurs for 0.096, where
RaHo = Ra
SH
o = 7939. The first one occurs for a = 5.0 at
Pr = 0.022, where RaHo = Ra
SH
o = 9000. The second one oc-
curs for 0.039, where RaHo = Ra
SH
o = 8142. The variation
of Rao with Pr is non-monotonous. Similarly, the increase of
modulation amplitude a with other parameters maintained at
fixed values may either increase or decrease the threshold for
generation of wavy flow. The minimum of different marginal
curves in the Ra-k plane becomes the global minimum, as a
parameter is varied continuously. The movement of different
tongue-shaped instability zone is also different. This makes
the variation of critical Rayleigh number with a parameter
non-monotonic.
V. CONCLUSIONS
Floquet analysis of Rayleigh-Bénard magnetoconvection
under a time-periodic temperature modulation shows inter-
esting results. As the Rayleigh number becomes larger than
a threshold value Rao(Q,ω,Pr), the oscillatory magneto-
convection is excited. The magneto-convective flow may
oscillate either subharmonically or harmonically with the
frequency of modulation, ω , for smaller values of ω . Several
bi-critical points involving two sets of wavy flows of different
wave-numbers are possible for smaller values of ω: one
set oscillates subharmonically and the other set oscillates
harmonically. The magneto-convective flow is found to be
always synchronous with the modulation for larger value
of ω . The threshold for generation of magneto-convective
waves Rao varies non-monotonically with lower frequencies
of modulation but at finite values of the amplitude of mod-
ulation, a. A new type of bi-critical point is possible for
larger value Q when two sets of harmonic oscillations with
two different wave lengths may be excited simultaneously
at the onset of magnetoconvection. For larger values of
Chandrasekhar number Q and moderate values of ω , two
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marginal instability zones for harmonic instability merge to
form a single marginal curve with two local minima. They
may have interesting consequences on nonlinear behaviour.
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